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Objective: We investigated flow characteristics of right gastroepiploic arterial grafts, widely used to extend in
situ arterial conduits in coronary artery bypass grafting.
Methods: Intraoperative transit-time measurements and postoperative angiographic findings were obtained for
111 patients undergoing coronary artery bypass grafting with gastroepiploic artery and bilateral internal thoracic
arteries: mean, maximum, and minimum flows; pulsatility index; insufficiency rate; and differentiated index of
early diastolic flow.
Results: Favored target for gastroepiploic artery was posterior descending artery (106 patients, 95%). Patency
rates were 91.0% for gastroepiploic artery, 98.2% for left internal thoracic artery, and 97.5% for right internal
thoracic artery. There were four flow profiles of gastroepiploic arteries: A (systolic protruded), B (trapezoidal), C
(sine waved), and D (diastolic-dominant biphasic). Functional gastroepiploic arteries showed A in 16 cases, B in
6, C in 31, and D in 48, with prevalence according to severity of stenosis in target coronary artery. Two occluded
gastroepiploic arteries showed type A, and reverse or competitive flows were types A in 1, B in 1, C in 4, and D in
2. Relative to functional internal thoracic arteries, functional gastroepiploic arteries showed significantly lower
minimum flow, higher insufficiency rate, and lower differentiated index of early diastolic flow.
Conclusion: Intraoperative transit-time flow profiles of patent in situ gastroepiploic arterial grafts were classified
into four types, closely associated with disease severity of target coronary artery. Patent in situ gastroepiploic ar-
terial grafts show more regurgitant flow and lower differentiated index of early diastolic flow than in situ internal
thoracic arterial grafts.
Takami et al Acquired Cardiovascular DiseaseThe current trend in coronary artery bypass grafting (CABG)
is toward total in situ arterial grafting. This trend is a response
to previous studies demonstrating that the greater number of
in situ arterial conduits used, the better are long-term out-
comes.1,2 In the strategy of total in situ arterial CABG, the
right gastroepiploic artery (GEA) is used as a third conduit,
in addition to bilateral internal thoracic arteries (ITAs) for
the left coronary system.3,4 Although there is no evidence
that using an arterial graft to the right coronary artery
(RCA) or its branches confers patient benefit, logic would dic-
tate that if a GEA graft is more likely to remain patent than is
a saphenous vein graft, this should confer some patient bene-
fit. Although the early patencies are comparable, the long-
term patency of GEA grafts is inferior to that of ITA grafts
anastomosed to the left coronary artery system.5,6 This differ-
ence in patency between the GEA and the ITAsmay result not
only from differences in target coronary vessels but also from
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doi:10.1016/j.jtcvs.2009.02.011The Journal of Thoracic and Cdifference in the properties of the conduit flow itself. Flow
characteristics of the GEA and hemodynamic differences in
these arterial conduits have not been fully understood. To re-
veal the specific properties of the GEA as an in situ conduit,
we investigated flow characteristics by means of intraopera-
tive transit-time flow measurement.
MATERIALS AND METHODS
Study Patients and CABG
From January 2004 to December 2006, a total of 125 consecutive
patients underwent all in situ arterial CABG exclusively with left ITA
and GEA with or without right ITA. They comprised 46% of all patients
undergoing CABG in our institution. Of these patients, we enrolled 111
(90 men and 21 women, mean age 63  8 years) in the study. Participants
underwent both intraoperative flow analysis and postoperative angiography
within 1 month after surgery. The study patients underwent isolated CABG
(n ¼ 104) or CABG plus combined procedures, including mitral valve
plasty (n ¼ 3), aortic valve replacement (n ¼ 2), and left ventricular recon-
struction (n¼ 2). The isolated CABGwere performed either with cardiopul-
monary bypass (n ¼ 53, 54%) or without (n ¼ 51, 46%) in the standard
manner. The patient characteristics are summarized in Table 1.
In our strategy, in situ bilateral ITAs were preferred for revascularization
of the left coronary territory whenever possible anatomically. The right ITA
was used to revascularize the left anterior descending artery by crossing the
midline if necessary. Diabetes mellitus, advanced age, and left ventricular
dysfunction were not considered to be contraindications; however, the use
of bilateral ITAs was avoided in the patients with diabetes who were under-
going hemodialysis. The GEA was mostly used for revascularization of the
RCA territory with more than 75% stenosis. The use of GEA was avoided
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CABG ¼ coronary artery bypass grafting
dQ˙/dt ¼ differentiated index of early diastolic
flow
GEA ¼ right gastroepiploic artery
IR ¼ insufficiency rate
ITA ¼ internal thoracic artery
MLD ¼ minimum luminal diameter
PDA ¼ posterior descending coronary artery
PI ¼ pulsatility index
Q˙max ¼ maximum graft flow
Q˙mean ¼ mean graft flow
Q˙min ¼ minimum graft flow
RCA ¼ right coronary artery
preoperative computed tomography, when the diameter of the GEA at the
anastomosis site was smaller than 2.0 mm, or when the palpable atheroma
was present.
The ITA was completely skeletonized with an ultrasonic scalpel
(Harmonic Scalpel; Ethicon Endo-Surgery, Cincinnati, Ohio), as previously
reported,7 and was harvested from the bifurcation of the musculophrenic
and superior epigastric arteries up to the upper margin of the first rib or
higher. The GEA was also harvested with the Harmonic Scalpel with a co-
agulating shears tip, as previously reported.8,9 The anterior layer of the
greater omentum was incised throughout the necessary graft length. Then
the small omental and gastric branches of the GEA were divided. Conse-
quently, the GEA was harvested either with satellite veins (semiskeleton-
ized) or without veins (completely skeletonized). After systemic
heparinization, the distal ends of the ITAs and GEA were divided, diluted
solutions of olprinone hydrochloride (INN; Eisai Co, Ltd, Tokyo, Japan)
were infused intraluminally, and all grafts were wrapped with papaverine-
soaked sponges. All coronary anastomoses were constructed with 7-0 poly-
propylene (Nespilene; Alfresa Pharma Corp, Osaka, Japan). This retrospec-
tive study was approved by the institutional review board of our hospital,
and written, informed consent was obtained from each patient before the
surgery and postoperative angiography.
Intraoperative Flow Measurements
Graft flow tracings were obtained intraoperatively with a transit-time
flowmeter (BF 2000; Medi-Stim AS, Oslo, Norway). A flow probe of
2 or 3 mm was placed around the distal portion of the graft body when
the hemodynamic condition became stable with a mean blood pressure be-
tween 70 and 90 mm Hg at a rectal temperature greater than 36.0C before
chest closure. With a semiskeletonized GEA, we divided a part of the GEA
from the vein for probe placement to avoid graft constriction by the probe.
On the basis of the obtained flow profile, the following variables were cal-
culated: mean graft flow ( _Qmean, in milliliters per minute), maximum graft
flow ( _Qmax, in milliliters per minute), minimum graft flow ( _Qmin, in mil-
liliters per minute), pulsatility index (PI, calculated as [ _Qmax  _Qmin]/
_Qmean), insufficiency rate (IR, calculated as the volume of backward
flow divided by the volume of forward flow and expressed as a percentage),
and differentiated index of early diastolic flow (d _Q/dt, in milliliters per sec-
ond squared), as shown in Figure 1.
Postoperative Angiography
Every study patient underwent cardiac catheterization within 1 month
after CABGwith a standard technique through the femoral or brachial route.
All grafts were examined from at least two different views. The angiograms670 The Journal of Thoracic and Cardiovascular Suwere independently reviewed by two or more cardiologists and resolved
by consensus. Graft patency was scored as 0 for an occluded graft, as
1 for reverse graft flow or when the flow from the native coronary artery
was dominant, as 2 for competitive graft flow or when flow supplies from
the native coronary and from the graft were balanced, and as 3 for a func-
tional graft or when the native coronary was fully opacified by the graft.
A graft was considered nonfunctional at patency scores of 0 to 2.
Statistical Analysis
Analysis was performed with Excel 2000 (Microsoft Corp, Redmond,
Wash) and StatView 5.0 (SAS Institute, Inc, Cary, NC). All data were ex-
pressed as means  SD. For multiple group comparisons, we used analysis
of variance of the averages. Significances of individual differences were
evaluated by using the Scheffe´ test if the result of analysis of variance
was significant.
RESULTS
The study patients received a total of 402 distal anastomo-
ses, with an average of 3.5  1.1 anastomoses per patient.
There were no in-hospital deaths among the study patients.
The in situ GEAwas anastomosed to the posterior descending
coronary artery (PDA) off the RCA in 106 patients (95%),
the main RCA in 3, the left circumflex artery in 1, and the
left anterior descending coronary artery in 1. The GEA grafts
to the PDA included three types of sequential grafts: main
RCA to PDA (n ¼ 1), PDA to posterior lateral branch of
RCA (n ¼ 17), PDA to left circumflex artery (n ¼ 5), and
PDA to posterior lateral branch of RCA to left circumflex ar-
tery (n¼ 3). The atherosclerotic disease of the target coronary
arteries of GEAs showed total occlusion in 41 cases, severe
stenosis (>90%) in 50, and moderate stenosis (75%–90%)
in 10. When there were more than two lesions with 75%
stenosis, we considered the lesion to be severely stenosed.
According to postoperative angiography, 101 of 111 GEA
grafts (91.0%), 109 of 111 left ITA grafts (98.1%, including
TABLE 1. Characteristics of the study patients
No. of patients 111
Age (y, mean  SD) 63  8
Sex (male/female) 90:21
Smoking (no.) 60 (54%)
Hyperlipidemia (no.) 68 (61%)
Hypertension (no.) 69 (62%)
Diabetes mellitus (no.) 56 (50%)
Insulin therapy (no.) 19 (17%)
Serum creatinine (mg/dL, mean  SD) 1.6  2.2
Long-term hemodialysis (no.) 6 (5%)
History of heart failure (no.) 42 (38%)
Previous myocardial infarction (no.) 62 (56%)
Left ventricular ejection fraction (%, mean SD) 56%  24%
Coronary artery bypass grafting
Conventional (no.) 39 (35%)
Cardiopulmonary bypass (min, mean  SD) 159  33
Aortic crossclamp (min, mean  SD) 106  22
On pump, heart beating (no.) 21 (19%)
Off pump (no.) 51 (46%)
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including 26 sequential grafts) were patent and functional.
Ten nonfunctional GEA grafts demonstrated occlusion
(score 0) in 2 cases, reverse flow (score 1) in 5, and compet-
itive flow (score 2) in 3. All nonfunctional GEA grafts were
GEAs with single anastomosis (n¼ 8 to PDA, n¼ 2 to pos-
terior lateral branch of RCA). Comparisons of intraoperative
transit-time flowdata between the functional GEAs and ITAs
are shown in Table 2. The functional GEAs and ITAs demon-
strated similar values of _Qmean, _Qmax, and PI; however, the
functional GEAs showed significantly lower _Qmin, higher
IR, and lower d _Q/dt than did the functional ITAs. The _Qmean
FIGURE 1. Parameters of intraoperative transit-time flow analysis. Calcu-
lated variables are mean graft flow (Qmean, in milliliters per minute), max-
imum graft flow (Qmax, in milliliters per minute), minimum graft flow
(Qmin, in milliliters per minute), pulsatility index (PI, derived as [Qmax
Qmin]/Qmean), insufficiency rate (IR, volume of backward flow divided
by volume of forward flow, expressed as percentage), and differentiated in-
dex of early diastolic flow (dQ/dt, in milliliters per second squared).values of functional GEA grafts were significantly larger in
patients with sequential anastomoses than in patients with
single anastomoses (37  20 mL/min vs 28  16 mL/min,
P ¼ .03).
The intraoperative transit-time flow profiles of GEAs
were classified into four types, as shown in Figure 2: A,
systolic protruded; B, trapezoidal; C, sine-waved; and D,
diastolic-dominant biphasic. The functional GEAs showed
type A in 16 cases, type B in 6, type C in 31, and type D
in 48. The distributions of these types of flow profiles are
demonstrated in Figure 3, grouped by the disease severity
of the native coronary artery to be grafted. Most GEAs anas-
tomosed to the totally occluded coronary arteries showed
flow profiles of type D. When the native coronary lesions
were mild, most GEAs showed flow profiles of type C.
Among the nonfunctional GEAs, both occluded GEAs
showed type A, as shown in Table 3, with _Qmean values
significantly lower than those of functional GEAs with
type A flow. Five GEAs with reverse flow showed type B
in 1 case, type C in 3, and type D in 1. Three GEAs with
competitive flow showed type A in 1 case, type C in 1,
TABLE 2. Comparison of transit-time flow data among functional,







Mean flow (mL/min) 32  18 36  18 35  19
Maximum flow (mL/min) 64  30 64  29 68  17
Minimum flow (mL/min) 15  22* !5  16 !6  17
Pulsatility index 2.8  1.6 2.1  0.9 2.4  1.3




7.4  4.1* 11.2  5.2 13.0  6.3
GEA, Right gastroepiploic artery; LITA, left internal thoracic artery; RITA, right inter-
nal thoracic artery. *P< .01.FIGURE 2. Four types of intraoperative transit-time flow profiles of in situ right gastroepiploic arteries (GEAs): A, systolic protruded, B, trapezoidal,C, sine-
waved, and D, diastolic-dominant biphasic. Distributions of these types in functional and nonfunctional gastroepiploic artery grafts.
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FIGURE 3. Distributions of four types of intraoperative transit-time flow profiles of in situ right gastroepiploic arteries (GEAs) according to disease severity
of native coronary artery to which functional gastroepiploic artery was grafted.and type D in 1. Among the functional GEAs, the _Qmean
values were significantly larger in types C and D than in
types A and B. The PI values of functional GEAs with
type A flow were significantly larger than those with other
types. The IR values of functional GEAs wirh type C flow
were significantly larger than those with other types.
DISCUSSION
A few studies have used Doppler echocardiography to ex-
amine flow characteristics of in situ GEA grafts.10-12 We ap-
plied intraoperative transit-time flow analysis in this study.
Although several transit-time flow studies of CABG grafts
have been published,13-15 there have been no studies focus-
ing on the flow characteristics of in situ GEA grafts in a large
number of patients. The main findings of our study were
fourfold: (1) Intraoperative transit-time flow profiles of the
functional in situ GEA grafts were variable and could be
classified into four types as systolic protruded, trapezoidal,
sine-waved, and diastolic-dominant biphasic. (2) These
types were closely associated with the disease severity of
the target coronary artery to be grafted. (3) Among these672 The Journal of Thoracic and Cardiovascular Sutypes, the protruded type was unique to GEA and suggested
graft failure when the _Qmean is low. (4) The patent in situ
GEA grafts to the RCAs showed more regurgitant flow
and lower d _Q/dt than in situ ITA grafts to the left coronary
arteries.
Louagie and associates10 demonstrated that the GEA was
characterized by a higher maximum trace velocity, a higher
dispersion of velocity spectra, and a wide range of velocities.
These characteristic waveforms of the GEA can be explained
by the wall structure of the graft (elasticity, compliance), by
the length, and by the increased time delay between ventricu-
lar systole and arrival of the pulse wave into the coronary ar-
tery. Travilla and colleagues11 showed the quite variable
extent of the myocardial territory supplied by the GEA and
therefore speculated that baseline flow may vary significantly
among GEAs. These previous findings coincide with our re-
sults that functional GEA grafts show various flow profiles,
which we classified into four types. In addition, Shimizu
and associates12 revealed that the transition between systole
and diastole in velocity spectra was obscure in the GEA,
whereas typical biphasic velocity spectra were observed inTABLE 3. Distributions of four flow profile types (A, B, C, D) and transit-time flow data for functional and nonfunctional in situ gastroepiploic
arterial grafts
Functional Nonfunctional
A B C D A B C D
No. 16 6 31 48 3 1 4 2
Competitive — — — — 1 — 1 1
Reverse — — — — — 1 3 1
Occluded — — — — 2 — — —
Mean flow (mL/min) 20  7 23  14 34  9* 36  19* 8  1 8 17  18 12  4
Pulsatility index 4.3  1.6y 2.1  0.5 3.1  2.1 2.3  1.0 8.5  10.0 3.7 10.7  10.7 4.4  2.6
Insufficiency rate (%) 4.0%  3.2% 1.0%  1.7% 8.5%  10.5%z 2.4%  4.0% 12.2%  20.1% 6.9% 31.4%  30.8% 12.2%  12.7%
Values are mean SD. *Among functional gastroepiploic arteries, flow values were significantly larger in types C and D than in types A and B (P<.05). yPulsatility index values of
functional type A gastroepiploic arteries were significantly larger than those of other types (P< .05). zInsufficiency rate values of functional type C gastroepiploic arteries were




Takami et al Acquired Cardiovascular Diseasethe ITAs. These characteristics were also demonstrated in our
study. As shown in Figure 3, the distribution of the types of
GEA flow profiles varies according to the severity of stenosis
of the target coronary artery to be grafted. When the GEA is
grafted to a totally occluded coronary artery, it is likely that
the flow profile is diastolic-dominant biphasic (type D).
When the GEA is grafted to a coronary artery with moderate
stenosis, resulting in competitive flow, it is likely that the flow
profile is sine-waved (type C) with a higher IR value, suggest-
ing obscure transition between systole and diastole. Among
the types of flow profiles, the systolic protruded type (type
A) with a higher PI value is observed irrespective of the sever-
ity of the target coronary lesions. Although this type may be
unique to the GEA grafts with higher maximum trace veloc-
ity, stenosis or occlusion is suggested when the _Qmean is low
(<15 mL/min).
This study also demonstrated differences in flow profiles
between the ITAs and GEA, even though the perfused areas
were different. There are several anatomic and physiologic
differences between the two conduits; however, differences
in flow characteristics between the GEA and ITA are not
fully understood. An experimental study16 revealed that
when grafted to the coronary artery with lower grade steno-
sis, the GEA exhibits more competitive flow than does
the ITA. This may result from lower driving pressure of the
GEA, associated with longer anatomic distance from the aor-
tic root. These characteristics may account for our results of
more regurgitant flow and lower d _Q/dt for the GEA to RCA
than for in situ ITA grafts to the left coronary arteries, al-
though we did not strictly investigate the effects of runoff
bed, especially in sequential grafting.
One of the limitations of this study is that we did not pay at-
tention to the luminal diameter of the target coronary artery of
the GEA. Glineur and colleagues17 investigated the preopera-
tive angiographic variables that could influence 6-month graft
patency and flow pattern. In their multivariate analysis, graft-
dependent flow pattern was significantly associated with the
minimum luminal diameter (MLD) of the RCA in the GEA
group. The GEA patency increased as MLD decreased.
When the MLD of the RCA was 0 (100% stenosed), all
GEA grafts were patent, whereas when it was greater than
1.4 mm, only 5% were functioning. They suggested that
MLD rather than maximum percentage of stenosis should be
used as a surrogate for competitive flow. Another limitation
of this study is thatwe did notmeasure the sizes ofGEAgrafts,
either intraoperatively or postoperatively. GEA grafts vary in
size, and the size variation may affect flow patterns. Although
intraoperative size measurements may be inaccurate because
of GEA spasm, we should have evaluated the size of GEA
postoperatively with quantitative angiography. Furthermore,
we did not examine the lengths of the GEA grafts, the distal
quality of the coronary artery grafted, and the myocardial via-
bility of the territory revascularized, all of which influence
GEA flow. It appears possible, however, that distal perfusionThe Journal of Thoracic and Carea is closely related toGEAflow, as suggestedbyour finding
that _Qmean values of functionalGEAgraftswere significantly
larger in sequential anastomoses and that all the nonfunctional
GEA grafts were GEAs with single anastomoses, not with
sequential bypass.
In conclusion, intraoperative transit-time flow profiles of
the functional in situ GEA grafts were variable and could
be classified into four types, closely associated to the disease
severity of the target coronary artery. Among these types, the
protruded type is unique toGEA and suggests graft stenosis or
occlusion when the _Qmean is low. The patent in situ GEA
grafts to RCAs in particular showed more regurgitant flow
and lower d _Q/dt than did in situ ITA grafts to the left coronary
arteries. These findings may help surgeons to judge the anas-
tomosis quality of the in situ GEA graft in the operating room.
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